The lanthanide (Ln) copper oxides of the general chemical formula Ln2CuO4 take two different crystal structures: K2NiF4 (T) and Nd2CuO4 (T'). La2CuO4 takes the T structure by high-temperature bulk processes. The thermal expansion mismatch" between the La-O and Cu-O bonds predicts that the T' phase of La2CuO4 can be stabilized at synthesis temperatures below 425°C. Such low synthesis temperatures are difficult to access by bulk processes, but easy by thin-film processes. We have surveyed growth parameters in molecular beam epitaxy, and succeeded in the selective stabilization of T-and T'-La2CuO4. From our observations, it turns out that the growth temperature as well as the substrate play a crucial role in the selective stabilization: the T' structure is stabilized at low growth temperatures (< 600°C) and with substrates of a < 3.70 A or a, > 3.90 A, while the T structure is stabilized at high growth temperatures (> 650°C) or with substrates of a, 3.70 -3.85 A. We have also been attempting hole (Ca, Sr, and Ba) and electron (Ce) doping into both of T-and T'-La2CuO4. In T-La2CuO4, hole doping produces the well-known LSCO and LBCO. Surprisingly, contrary to the empirical law, electron doping is also possible up to x 0.06 -0.08, although the films do not show superconductivity. In T'-La2CuO4, electron doping produces superconducting T'-(La,Ce)2CuO4 with T 30 K, although hole doping has as yet been unsuccessful.
INTRODUCTION
The lanthanide copper oxides of the general chemical formula La2CuO4 possess a richness of structural and physical properties because of the wide range of lanthanide (Ln) ion sizes. There are two closely related structures as shown in Fig. 1 : K2NiF4 (T) and Nd2CuO4 (T'). The structural difference between T and T' can be viewed simply as the difference in the Ln-O arrangements: rock-salt-like versus fluorite-like. The key parameter determining which of these structures is formed is the ionic radius of the Ln3 ion. The T structure is formed with large La3, while the T' structure is formed with smaller Ln3 ions, such as Ln = Pr, Nd, Sm, Eu, and Gd.13 In high-pressure synthesis, the T' structure can also be formed by Dy to Tm as well as Y. 4 The T-T' boundary lies between La3 and Pr3. In the mixed-lanthanide system (La,Ln)2CuO4, a third structure (denoted T*), which consists of alternate stacks of T and T' slabs, is observed. 5 The stabilization of this structure requires two Ln ions of significantly different size: one large La3 and a much smaller Ln3.
La2CuO4 takes the T structure by high-temperature bulk processes. However, La2CuO4 is at the borderline stability of the T structure. It has been predicted that the T' phase of La2CuO4 can be stabilized at synthesis temperatures below 425°C because of the thermal expansion difference between the La-O and Cu-O bonds. 6 Such low synthesis temperatures are difficult to access by bulk processes, but easy by thin-film processes. In this article we survey growth parameters in molecular beam epitaxy toward the selective stabilization of T-and T' -La2CuO4.
K2NiF4 (T)
Nd2CuO4 (T') Figure 1 . Three crystal structures of lanthanide cuprates (Ln2CuO4). The K2NiF4 (T) structure has octahedral Cu06, the Nd2CuO4 (T') structure has square-planar Cu04, and the T* structure has pyramidal Cu05. where r1(Ln3), r(Cu2), and r,(02) are the empirical room-temperature ionic radii for Ln3, Cu2, and 02 ions by Shannon and Prewitt. 7 The tolerance factor (t) was initially proposed to argue the stability of the perovskite structure (ABO3).8 It represents the bond length matching between AO layers and B02 layers. Ideal matching corresponds to t = 1, and the perovskite structure is stable within 0.8 < t < 1 .0. This factor has also been used to explain the stability fields of the T, T', and T* structures in the A2B04 stoichiometry. Figure 2 is firing temperatures as low as 500°C. At T = 500°C, even La2CuO4 becomes not single-phase T but a two-phase mixture ofT and T'. By extrapolation of the T/T' phase boundary in the La2NdCuO4 system to y = 0, they predicted La2CuO4 can be stabilized in the T' structure below T = 425°C. Since a firing temperature of at least 500°C was required in their bulk process even when coprecipitated powders were used, they could not achieve single-phase T'-La2CuO4. The synthesis of T' -La2CuO4 by bulk synthesis has been achieved only by a very special recipe as given by Chou et al. 12 The recipe consists of the following two steps. The first step is to reduce T-La2CuO4 with hydrogen around 300°C and to obtain the SrCuO3-like phase. The second step is to convert the Sr2CuO3-like phase to T'-La2CuO4 by reoxygenation below 400°C. The resultant product shows single-phase T' , although X-ray peaks are broadened due to considerable lattice disorder and defects.
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Doping and superconductivity in 214 cuprates
The T and T' structures are similar, but they show significant differences in many respects. The T structure has Cu06 octahedra and is empirically supposed to accept only hole doping, which leads to p-type superconductivity. '3 The most typical example of this is (La,Sr)2CuO4 (LSCO) with optimum T of 37 K.'4 The T' structure has twodimensional square-planar Cu04 and is supposed to accept only electron doping, which leads to n-type superconductivity.'3 Typical examples are (Pr,Ce)2CuO4 (PCCO) and (Nd,Ce)2CuO4 (NCCO) with optimum T of 25 As mentioned above, the tolerance factor t of La2CuO4 is close to the critical t of the T -T' transition. The composition was calibrated by inductively coupled plasma spectroscopy (ICP). A), the phase identification is rather straightforward. The calculated patterns for T and T' are included in Fig. 4(a) .
Of the films in this figure, the film on KTO is single-phase T', while the films on LSGO and LSAO are single-phase T. On YAO and NCAO, the films are dominantly T' with a trace amount of T. On STO, the film is clearly a mixture of T and T' with some amount of the T*like (!) phase. On YSZ, judging from the peak positions, the film seems to be single-phase T', although the peak intensity ratios do not agree with the calculated ratios. The c0 values of these films are summarized in Fig. 4 (b) together with those of films on other substrates. Because of epitaxial strain,22 c0 of the T structure is noticeably substrate-dependent: the longest (c0 = 13.25 A) for LSAO and the shortest (c0 = 13.10 A) for LSGO. The same investigations were performed at 7' from 450°C to 750°C on all the substrates in Table 2 .23 The 
DOPING 5.1 Doping into T-La2CuO4
Next, we describe our attempts at hole and electron doping into T-and T'-La2CuO4. 25 First, we present the results on doping into T-La2CuO4. In the case of hole doping, with LSAO substrates, we attained the best T of 45 K for La185Sr15CuO4, 47 K for La185Ba0 15CuO4, and 56 K for La2CuO46 (LCO+) as shown in Fig. 7 . The enhancement of T by 20 -40 % from the bulk values is due to the epitaxial strain effect.
Electron doping into the T structure is empirically impossible by bulk synthesis, as mentioned above. Surprisingly, however, in thin film synthesis, electron doping into T-La2CuO4 is possible. This is demonstrated in Fig.   8 , which shows the doping dependence of c0 for Sr-doped or Ce-doped LaCuO4 films on LSAO and STO substrates.
The c0 value increases with x by hole doping and decreases with x by electron doping. The Ce incorporation into the T lattice can be confirmed by the linear decrease in c0. The solubility limit of Ce into the T structure is x -0.08 with LSAO substrates and x 0.06 with STO substrates. At x, the phase transition to T' takes place as can be seen by the discontinuous change in c0. The slight difference in c0 between films on LSAO and STO, which is especially apparent at hole doping of 0.05 -0.20, is due to epitaxial strain. We observed that Ce atoms can be incorporated into Temperature T [K] the T lattice only when the growth temperature is below 680°C. For the growth at temperatures above 700°C, Ce segregates away from the T lattice and c0 stays at the undoped value. The low synthesis ternperature seems to be crucial for Ce doping into the T lattice. Figure 9 shows the p- 
